| INTRODUC TI ON
The concept of positional information has been proposed to explain the mechanisms of pattern formation. The idea offers a conceptual framework for how tissues and/or organs containing a large number of cells develop to form a pattern with a specific size and morphology. The idea postulates the positional value that gives information regarding the cellular position within the tissue. Cells with specific positional values are able to interpret them according to their genetic programming and decide respective behaviors such as cell proliferation and/or differentiation, resulting in the formation of a specific cellular pattern within a tissue (Wolpert, 1994 (Wolpert, , 1996 .
It has been suggested that one of the possible determinants of positional information is a concentration gradient of morphogens or other diffusible substances, such as growth factors. For example, studies on Drosophila have shown that the formation of the anteriorposterior and dorsal-ventral (D-V) axes during early development are specified by concentration gradients of the Bicoid and Dorsal proteins, respectively (Anderson, 1998; Driever & Nüsslein-Volhard, 1988 ). It has been proposed that cells are regulated to form specific morphologies and sizes according to positional information. However, the entity and nature of positional information have not been fully understood yet. The zebrafish caudal fin has a characteristic V-shape; dorsal and ventral fin rays are longer than the central ones. This fin shape regenerates irrespective of the sites or shape of fin amputation. It is thought that reformation of tissue occurs according to positional information. In this study, we developed a novel transplantation procedure for grafting a whole fin ray to an ectopic position and examined whether the information that specifies fin length exists within each fin ray. Intriguingly, when long and short fin rays were swapped, they regenerated to form longer or shorter fin rays than the adjacent host fin rays, respectively. Further, the abnormal fin ray lengths were maintained for a long time, more than 5 months, and after further re-amputation. In contrast to intra-fin grafting, when fin ray grafting was performed between fish, cells in the grafts disappeared due to immune rejection, and the grafted fin rays adapted to the host position to form a normal fin. Together, our data suggest that the information that directs fin length does exist in cells within a single fin ray and that it has a robust property-it is stable for a long time and is hard to rewrite. Our study highlighted a novel positional information mechanism for directing regenerating fin length.
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fin, positional information, regeneration, tissue graft, zebrafish et al., 2006) . Likewise, during the stage of organ formation, Sonic hedgehog, a secreted protein expressed in the notochord and floor plate of vertebrate embryos, functions as a signal for regionalization and patterning of the neural tube and for muscle patterning in the somites (Dessaud et al., 2008) . Moreover, positional information has been suggested to be involved with the development of vertebrate limbs. The early-stage limb buds have two signaling centers-the zone of polarizing activity and the apical ectodermal ridge-which confer the positional information of anterior-posterior and proximal-distal (P-D) patterns of the limb, respectively, through the graded activity of signaling molecules such as Sonic hedgehog and retinoic acid (Benazet & Zeller, 2009; Mercader et al., 2000; Tickle & Towers, 2017) .
In addition to development, it is thought that positional information also operates during tissue regeneration and maintenance.
In arthropods, it has been proposed that the legs of cockroaches and crickets regenerate to replenish the positional values of the lost parts. Intriguingly, when a part of the cockroach leg is removed, making the distinct leg positions face to face, abnormal regeneration occurs, so that the gap in positional values between these positions is filled (French, 1978; French, Bryant, & Bryant, 1976) .
Besides insects, some species of vertebrates, such as urodeles and teleost fish, retain a high regenerative ability in their organs, including the tail, limb, fin, jaw, lens, heart muscles, and neurons in the central nervous system (Becker, Wullimann, Becker, Bernhardt, & Schachner, 1997; Brockes, 1997; Dent, 1962; Kroehne, Freudenreich, Hans, Kaslin, & Brand, 2011; Morgan, 1901; Poss, Wilson, & Keating, 2002; Wang et al., 2012) . Particularly, studies in salamander limb regeneration have addressed the presence of positional information during regeneration. These studies have shown that blastema grafted from the wrist position to the upper arm position contribute to the formation of the tissues distal to the wrist (Echeverri & Tanaka, 2005; Pescitelli & Stocum, 1980) , suggesting that the blastema directs formation of tissues distal to its original position according to the positional information. Unlike in the early embryos, it seems unlikely that simple morphogen diffusion and the resulting gradient can specify positional value in large adult tissues. However, it is fascinating to postulate that the salamander limbs and fish fins have positional information along the P-D axis and use it to regenerate tissues of correct sizes and morphologies.
In zebrafish, the unique morphology of their characteristic V-shaped caudal fin, in which the dorsal and ventral fin rays are longer than the central ones, is always regenerated irrespective of the shape of an amputation. This maintenance of morphology supports the idea that the fish fin regenerates according to the local information for their original length. So far, a number of studies in animals such as salamander and zebrafish have suggested the involvement of positional information during regeneration (Nachtrab, Kikuchi, Tornini, & Poss, 2013; Perathoner et al., 2014) ; however, the entity and nature of positional information in adult tissues, particularly during their regeneration, has not been well understood. In this study, we developed a new fin ray grafting assay for assessing the nature of positional information that directs fish fin length. Our data suggest that positional information directing fin length does exist in the cells of a single fin ray and that the information has a robust property in being stable and difficult to rewrite.
| MATERIAL S AND ME THODS

| Zebrafish husbandry and transgenic fish
The wild-type (WT) zebrafish (Danio rerio) strain, which was originally derived from the Tubingen strain, has been maintained in our facility by inbreeding. The WT line and all transgenic lines were kept in a recirculating water aquarium with a 14-hr day/10-hr night photoperiod at 28.5°C. The Tg(gata1:mrfp) ko05 (Kitaguchi, Kawakami, & Kawahara, 2009) 
| Mutagenesis using TALEN
Generation of rag1 V311fs mutant fish was performed as described previously (Yabe, Hoshijima, Yamamoto, & Takada, 2016) . Briefly, the TALEN to target rag1 gene was designed using TAL Effector Nucleotide Targeter 2.0 (https://tale-nt.cac.cornell.edu/node/add/ talen-old), assembled by using a modified Golden Gate Assembly Kit (Sakuma et al., 2013) , and cloned into the pCS2 + TAL3DD or pCS2 + TAL3RR (Dahlem et al., 2012) . One nanogram of each capped synthesized mRNA was injected into one-cell stage eggs.
| Maintenance and identification of rag1 homozygous mutant
The rag1 V311fs mutant line was maintained as a heterozygous line. Homozygous mutant fish used for tissue grafting were obtained by crossing the heterozygous carriers.
Homozygous rag1 mutants were identified by PCR using primers rag1 fw: 5′-TGTGTGATCACCTGCTTTCTG-3′ and rag1 rev:
5′-TGTTGGTTACAGGTGGGACA-3′ to amplify the rag1 mutated site, and a heteroduplex mobility assay, which detected a polymorphism between the WT and mutated alleles.
| Fin amputation and regeneration
The caudal fins were cut in a straight line using a scalpel. For most experiments, fins were amputated at the middle position of the central fin ray. In cases where fins were cut at different locations, it is described in the respective figure legends. After fin amputation, fish were returned to the aquarium and allowed to regenerate their fins at 28.5°C until the stage of analyses.
| Transplantation of blastema mesenchymal cells
The blastema transplantation was performed as previously described Shibata et al., 2016) .
Briefly, the caudal fin of the Tg(Olactb:dsRed2) tyt201 fish (Yoshinari et al., 2012) was amputated and allowed to regenerate until 2 days postamputation (dpa). The blastema and wound epidermis were manually separated with sharp injection needles in Hank's solution, and cut into small pieces. The donor blastema was transplanted into the host blastema region by pushing a blastema piece through a hole on the epidermis made by a needle. The host fins that were operated were allowed to regenerate until the day of observation.
| Fin ray grafting
The fin ray grafting was performed on a plastic dish, while the fish was under anesthesia. Excess water was removed around the fish, and the third fin ray from the ventral side was isolated by making slits in the inter-ray tissues with forceps. Holding the base of the fin ray with forceps, the fin ray was withdrawn from the base. The seventh fin ray from the ventral side was isolated in the same way. The respective fin rays were inserted into the swapped positions by gently holding the basal part of the donor fin ray with forceps and pushing them into the host places. After the operation, the fin was covered with a piece of paper towel, wetted with aquarium water, to prevent the fin from drying. The fish was left under anesthesia for 30-60 min, with water being occasionally dripped on their gills, to allow the grafted fin rays to attach firmly to the host places. The postoperative fish was placed in a small fish tank and left quietly overnight, before returning to the circulating aquarium the next day. The average success rate of grafting was approximately 55% for the grafting of the third ray to the seventh position and 80% for the grafting of the seventh ray to the third position, in both intra-fin and inter-fin grafting.
| Evaluation of fin length
Fin lengths at respective positions were measured, with the shortest central fin ray being zero (cf. Figure 3d ). We defined the "Expected" length of the fin at each position as the distance to the virtual distal edge extrapolated from the smooth shape of fins. The "Grafted" ray length is the actual measured length at the grafted positions.
Because the size of the fin was different among fishes, the respective measured lengths were normalized by dividing the measured length by the width (W) of the fin. 
| Statistics
| Development of the fin ray grafting procedure
To access the existence of positional information in fin, we next focused on the differential regional growth ratios of the zebrafish fin.
The zebrafish caudal fin has a characteristic V-shaped caudal edge, in which the third fin rays from the dorsal and ventral sides are the longest and the central one the shortest (Figure 2a ). Intriguingly, this characteristic fin shape is faithfully regenerated after amputation at any P-D level and at any shape, implying that regeneration occurs according to the positional information, which could direct the length of the respective fin rays.
To test this hypothesis, we developed a novel tissue grafting procedure in which a whole part of fin ray was isolated and transplanted to an ectopic position. When a fin ray was taken and grafted into other fin ray position, the grafted fin ray adhered to the host tis- Together, these observations establish that the whole fin ray can be transplanted and that the donor fin rays are integrated into the host tissue by 5 dpg.
| Fin length information is preserved in a single ray during and after regeneration
We investigated whether the grafted fin rays that are moved to an ectopic position regenerate according to the information at the host positions or to that of the donor ray (Figure 3a ). To address this question, we performed the grafting experiment in which the long (V3) and short (V7) fin rays were swapped with each other. After the operation, the grafted fin rays remained longer or shorter than the adjacent fin rays at least at 7 dpg ( Figure 3b ). When we amputated fins to induce regeneration, the grafted V3 and V7 fin rays regenerated longer and shorter than the expected sizes at the host positions, respectively, resulting in a jagged fin edge (Figure 3c -e).
These observations suggest that the donor fin rays direct the size of the regenerated fin according to the length information in the donor fin ray.
However, the lengths of the regenerated fin rays were not identical with the original lengths of the donor fin rays. The regenerated length of the grafted short fin ray (grafted V7 > V3)
was greater than that of original donor V7 (expected V7), and the grafted V3 > V7 length was lesser than the expected V3 length (Figure 3e ). This result raises the possibility that the positional information in the surrounding tissues of the host fin also regulates the regenerated size of the graft, as Murciano et al. (2002) have suggested. Instead, it is thought that there is a reciprocal interaction due to differential growth ratios between the donor and host tissues.
It is significant that the grafted fin rays maintained the bigger or smaller lengths and displayed a jagged fin edge, although unfortunately only three fish survived at 5 months postgrafting (Figure 3f ).
More importantly, the phenotype was still reproduced at 7 months after re-amputation of the fin (Figure 3f ). These results were consistent across all fish, strongly suggesting that the information that specifies fin length is a robust property that is stable for a long period of time and resistant to being rewritten. 
| Cells within each fin ray direct the length of the respective fin rays
To examine how cells from the grafts contribute to the regenerating tissue, we took donor fin rays from the Tg line, which ubiquitously express the DsRed2 protein in cells including the epidermis (Yoshinari et al., 2012) , and grafted them into the WT fish fin (Figure 4a ). After inter-fish grafting of fin rays, most of the cells derived from the donor, except the epidermal cells, were retained until 7 dpg, keeping the boundary between the donor and host tissues (Figure 4b, c) . However, following the amputation of the grafted fins at 7 dpg, the cells within the grafts disappeared by 14 dpa (Figure 4d , 11 of 11 fins), suggesting that the cells derived from the donor fin rays were replaced by the host cells. It is surprising that in these cases, the grafted fin rays regenerated to nearly normal lengths at the donor positions, resulting in the formation of an almost smooth caudal fin edge (Figure 4d , e), despite that short ray (V7) grafting to the long (V3) position consistently gave a slightly shorter regenerate. To examine the process during which the grafted F I G U R E 2 Development of the fin ray grafting procedure. (a) Maintenance of the unique fin shape after regeneration. Zebrafish have a V-shaped caudal fin that contains, typically, nine fin rays in the dorsal and ventral halves of the fins. This characteristic shape is maintained irrespective of amputation site and reshapes by 14 dpa. Red dotted lines, fin outline; black dotted lines, amputation site. Scale bar, 1 mm. (b) The procedure of the fin ray graft between the third (V3) and seventh (V7) fin rays. The image below is the picture taken at 1 hr postgrafting (hpg). Red dotted lines, fin outline before grafting. Scale bar, 1 mm. (c) Wound healing after grafting. At 1 day postgrafting (dpg), there is a small gap between the donor and host tissues (arrowheads in the left panel), although the base of the donor tissue is firmly attached to the host tissue. By 2 dpg, the gap was filled with the epithelial and mesenchymal cells and both tissues were fused (arrowheads in the right panel). Scale bar, 1 mm. (d) Recovery of blood flow in the graft by 5 dpg. Fin ray transplantation was performed using the double Tg(gata1:mrfp;fli1:egfp) line to visualize the blood vessels (green) and red blood cells (red). While the blood vessels were not connected between the donor and host tissues at 2 dpg, the reformation of the vascular network and initiation of blood circulation occurred by 5 dpg (arrowheads). White dotted lines, the boundaries between the grafted rays and host tissues. Scale bar, 200 μm cells are replaced by the host ones, we performed the grafting experiment between the fish that ubiquitously express the DsRed2 and the blue fluorescent protein, respectively (Figure 4f) . Typically, the grafted cells were retained at 3 dpa (10 dpg) in the non-regenerated region, but not in the regenerated region. Hereafter, the donor cells in the regenerated tissue decreased over time and nearly disappeared by 14 dpa (21 dpg). The absence of donor cells was further confirmed by F I G U R E 3 Fin rays grafted to ectopic positions regenerate to abnormal lengths with respect to their original length. (a) Experimental procedure of fin ray grafting within a fin. The longest fin ray (V3, the third fin ray from the ventral side) and the short fin ray (V7, the seventh fin ray from the ventral side) were grafted to switch their positions. After wound healing and recovery of blood circulation, the operated fins were amputated at 7 days postgrafting (dpg) and fin ray length evaluated at 14 dpa. (b) The grafted long (V3) and short (V7) fin rays at 7 dpg. The grafted fin tissues were fused to the host tissue. White dotted line, expected fin outline. Scale bar, 1 mm. (c) Regeneration of the grafted fin rays to ectopic positions. Fins were amputated at 7 dpg, and the regeneration was observed at 14 dpa and 5 months postamputation (mpa). The fins were amputated a second time and allowed to regenerate. The regenerated fins were examined 7 months later (5 mpa + 7 mpa). At 14 dpa, the graft of the long ray (V3) and short ray (V7) regenerated longer and shorter fin rays than the expected lengths from the grafted host positions, respectively. The abnormal fin ray lengths at the grafted positions were maintained after 5 months in all three surviving fishes. The abnormal fin ray length was reproduced after the second fin amputation and after additional 7 months. Asterisk, a tissue split occurred by accident. Arrowheads, the distal tips of the grafted fin rays. White dotted line, expected fin outline. Scale bars, 1 mm. (d) Calculation of the relative length of regenerated fins. "Expected" is the expected length at respective positions based on lengths of adjacent host fin rays, and "Grafted" is the actual length of the grafted rays. Fin lengths at respective positions were measured with the shortest central fin ray being zero. The lengths were normalized by dividing the measured length by width of the fin (W). (e) Quantification of the fin length at 14 dpa in (c). The fin ray grafted from the long to short positions (V3 > V7) regenerated rays longer than the expected length at V7, and the fin ray grafted from V7 to V3 positions (V7 > V3) regenerated rays shorter than expected at V3. Note that the respective regenerated lengths were not the same as the original lengths of the donors, but they are within the normal expected V3 and V7 lengths. Error bars denote mean ± SEM. Student's t test (two-tailed) was performed to assess statistical significance. ***p < 0.0001. (f) Quantification of the fin length at 5 months postamputation (mpa) and 7 months after second amputation in (c). Bars denote the mean F I G U R E 4 Grafted fin rays are amenable to the host positions after disappearance of donor cells. (a) Procedure for interfin grafting and regeneration. The Tg(Olactb:dsRed2) line was used as the donor, and the long V3 and short V7 fin rays were grafted to the V7 and V3 positions of the WT host fin, respectively. After integration of the donor tissue into the host fin, the operated fins were amputated at 7 dpg. (b) The grafted fin rays at 7 dpg. Arrowheads, the grafted fin rays; red dotted line, approximate site of tissue section shown in (c). Scale bar, 1 mm. (c) The tissue section across the grafted fin ray. Arrow, the boundary between the WT host and donor DsRed2 + tissues. Note that the donor cells were not detected in the epidermis. Scale bar, 50 μm. (d) Regeneration of the operated fin. The DsRed2 + cells disappeared 14 dpa and the grafted long (V3) and short (V7) fin rays regenerated to nearly the normal lengths expected for the respective host positions, although the V7 > V3 graft gave a slightly shorter regenerated fin ray. Arrowheads, the sites of grafts. White dotted line, expected fin outline. (Yoshinari et al., 2012) and the Tg (Olactb:loxp-bfp-loxp-egfp) tyt211 (Ando, Shibata, Hans, Brand, & Kawakami, 2017) , and the fins were amputated at 7 dpg. n = 7 fish and 11 grafts. Typically, the grafted cells were retained up to 3 dpa (10 dpg), while only a few grafted cells contributed to the regenerated tissue. Hereafter, the donor cells gradually decreased in the non-regenerated region over time, and they completely disappeared by 14 dpa (21 dpg). The dotted lines indicate the amputation site. Arrowheads, the grafted fin ray. Scale bar, 1 mm. (g) PCR amplification of the dsred2 and bfp sequences from the genomic DNAs of the grafted fin rays (#1 and #5) at 14 dpa (21 dpg) and the control fin ray from the Tg(Olactb:dsred2). The bfp, but not the dsred2, sequence was amplified form the grafted fin ray the PCR amplification for the dsred2 sequence in the genome (Figure 4g ), indicating that the donor cells were replaced by the host cells. Taken together, these results suggest that cells within each fin ray are responsible for specifying the regenerated fin length, supporting a notion that the information for fin length is regionally possessed by the cells along the P-D axis. Error bars denote mean ± SEM. Student's t-test (two-tailed) was performed to assess statistical significance. *p < 0.01; **p < 0.001. (g) The tissue section across the grafted fin ray at 14 dpa. Arrow, the boundary between the host WT and donor DsRed2-expressing tissues. The donor cells were not seen in the epidermis. Scale bar, 50 μm. (h) Tissue sections across the grafted fin ray at 3 dpg. The donor DsRed2-expressing fin ray of the Tg(Olactb:dsRed) tyt201 (Yoshinari et al., 2012) was grafted into the host Tg (Olactb:loxp-bfp-loxp-egfp) tyt211 . The donor tissue was visualized with the anti-DsRed rabbit polyclonal antibody (Clontech) and the Alexa 594-conjugated secondary antibody (Thermo Fisher), and the host tissue with the anti-EGFP rat monoclonal antibody (Nakarai Tesque) and the Alexa 405-conjugated secondary antibody (Thermo Fisher). Nuclei were counterstained with the SYTO 11 in green (Molecular Probes). The donor epidermis is retained in some grafts (upper panel), but not in other grafts (lower panel). Scale bar, 50 μm
| Non-epidermal cells specify fin length
It is thought that the disappearance of cells after inter-fish grafting may be due to rejection by the host immune system. Therefore, we performed fin ray grafting using the rag1 line, a zebrafish mutant that lacks immune B and T cells, as a host (Figure 5a ). Studies have shown that grafted testis and whole embryos are maintained for a long time using the rag1 mutant line (Kawasaki, Maeno, Shiroishi, & Sakai, 2017; Kawasaki, Siegfried, & Sakai, 2016 ). First, we tested the ability of fins to regenerate in the rag1 homozygous mutant line and observed that the rag1 mutant line normally regenerates the fin (Figure 5b ), indicating that humoral immunity is not critical for normal fin regeneration.
Next, we grafted fin rays using the rag1 mutant line as a host and examined whether the donor cells in the grafts could be retained for a long period. When the DsRed2-expressing donor fin ray was grafted onto the rag1 host, the DsRed2-expressing cells in the grafts were observed at 7 dpg, as in the case of the WT host ( Figure 5c ).
The cells were retained beyond 3 weeks (Figure 5d ), confirming that the disappearance of donor cells after inter-fish grafting was due to rejection by the host immune system and that the immune rejection was impaired in the generated rag1 V311fs mutant fish. It is important that the grafting fin rays to ectopic ray positions again regenerated longer or shorter rays than expected at these positions, reflecting the lengths of the original donor fin rays (Figure 5d including the basal epidermal layer was already observed at 3 dpg in many of the grafts (Figure 5h ). Because the beta-actin promoter drives strong expression of DsRed2 in the fin epidermis (Yoshinari et al., 2012) , these observations indicate that the transplanted epidermal cells are unable to be retained in the host irrespective of immune rejection. It is suggested that the positional information for fin length is specified by the nonepidermal cells.
| D ISCUSS I ON
Positional information is a fascinating idea for explaining morphogenesis. It has been suggested in many developmental systems that positional value is determined by gradients of morphogens that specify cell differentiation and/or organ growth. However, how the positional information during tissue homeostasis and regeneration in adult animals operates to help tissues recover their original morphologies is mostly unclear. In this study, we investigated the mechanism of positional information that regulates the regional length of the zebrafish caudal fin using our newly developed grafting method. Our results suggest that the positional information exists in cells within a single fin ray and that it has a robust property-it is stable for a long time and is hard to rewrite. Our results revealed a novel mechanism by which positional information directs the size of regenerating tissues.
| The identity of the blastema along the P-D axis
It has been proposed that the positional values given to cells, according to their positions, determine their identities (Wolpert, 1994 (Wolpert, , 1996 . The experiment in axolotls has shown that the blastema transplanted from a distal amputation site at the wrist level to an upper arm level maintained its identity regarding its P-D position and contributed to the tissues distal to the wrist level, but not to the proximal tissues (Echeverri & Tanaka, 2005; Pescitelli & Stocum, 1980 ). In the current study, we transplanted the blastema that was formed at a distal amputation level to a proximal site and showed that, unlike in axolotl, the blastema in the zebrafish fin contributed to mesenchymal tissues of all P-D levels.
However, we cannot conclude that the blastema does not have P-D identities. A previous study on zebrafish has suggested that pre-patterning of future P-D positions was observed within the fin blastema using cell fate tracking and that this patterning was reset by second amputation (Tornini et al., 2016) . Therefore, it is possible that the positional value along the P-D axis could be a fragile one and reset by blastema transplantation, which could explain our result that the transplanted blastema was amenable to the host position.
Further analyses will be required for concluding whether there is a positional information that specifies the P-D position.
| Approaching the positional information for fin length using the fin ray grafting assay
In this study, we succeeded in developing the fin ray grafting procedure in zebrafish. Approaches using tissue grafting have been successfully used for analyzing the positional information in regenerating tissues, such as amphibian limbs (Crawford & Stocum, 1988; Pescitelli & Stocum, 1980; Stocum, 1984) . A previous study on gold fish also performed a similar fin ray grafting experiment and showed that a long fin ray grafted to a short fin ray position regenerated with a length greater than that of the host position, and vice versa (Birnie, 1947) . In addition, Goss and Stagg (1957) grafted the pectoral fin ray to the caudal fin ray in Fundulus heteroclitus, a species of killifish, and
showed that fin ray regeneration proceeds even after heterotopic transplantation. In the same way, Murciano et al. (2002) grafted a segment of the long fin ray into the short fin ray and showed that the operated fin ray regenerated to be longer than the surrounding rays.
The results of these studies are consistent with ours and support the notion that the information that specifies fin length exists within a single ray. Using the assay we developed in zebrafish, a model animal in which genomics and molecular genetics approaches are established, it will be possible to reveal the molecular basis of positional information.
| Properties of the positional information for fin length
We showed, from the fin ray grafting experiments, that a single fin ray possesses the information that specifies fin length. It is important that our study revealed that the information has a robust property-it is stably maintained for a long time following grafting and repeated regeneration. This observation is inconsistent with the effects of diffusible morphogens observed during development. More significantly, our study suggests that the non-epidermal cells within a fin ray are responsible for directing fin length.
While our data suggest that the donor cells in fin ray possess the information that directs fin length to be regenerated, the information in each fin ray is not completely independent from the others.
We observed that the length of grafted fin rays was not the same as the original donor fin length, but were intermediate of the original donor ray length and the expected length at the grafted position (Figures 3e and 5f ). This observation could be due to a physical constraint between the donor and host tissues that have different growth rates or due to interaction or coordination of positional information between the adjacent rays. It would be interesting to see whether the length of grafted fin rays adopts to the host position length with repeated cycles of regeneration.
| Entity of positional information
What is the molecular entity of positional information ? Perathoner et al. (2014) have shown that a gain-of-function mutation in the voltage-gated potassium channel displays a long fin phenotype in adult zebrafish. Further, the application of FK506, an inhibitor of calcineurin signaling, during regeneration, also induces the growth of longer fins (Kujawski et al., 2014) . Consistent with these studies, the results of the transcriptome, proteome, and metabolome analyses in regenerating fins have suggested that there is a gradient of expression of ion channels within the zebrafish fin (Rabinowitz et al., 2017) . These studies raise the possibility that bioelectric signaling, mediated by ion channels and calcineurin signaling, might be involved in determining fin length.
However, it seems that the bioelectric signal does not conform with the robust nature of the positional information for fin length shown in our study. For example, it has been proposed that combinations of Hox transcription factors specify regional identities and cellular fates during development and that the status of Hox gene expression is imprinted as a sustainable memory and is maintained after development (Kiefer, 2007; Nowicki & Burke, 2000) . It is possible that a similar mechanism could operate in the regenerating zebrafish fin.
In conclusion, we showed that the positional information for fin length does exist within the cells of single fin rays during regeneration. The entity of this positional information is still an open question, but future identification of the molecular entity of positional information and clarification of its regulative mechanism will reveal the principle for 3D organ formation.
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